Introduction
============

Herbal medicine is becoming increasingly popular worldwide for improving body functions and managing numerous ailments, despite the lack of evidence for efficacy and long-term toxicological data in humans.[@b1-dddt-9-841] Ginger is one of the most widely used herbal medicines with a wide range of pharmacological activities, including the reduction of the level of lipid, blood glucose, prostaglandin E~2~, and thromboxane B~2~; downregulation of the cyclooxygenase activity; blockage of Ca^2+^ channel; and inhibition of the production of cytokines and chemokines.[@b2-dddt-9-841] So far, there are at least 128 compounds identified in ginger.[@b3-dddt-9-841],[@b4-dddt-9-841] Ginger is rich in pungent components such as phenylpropanoids and sesquiterpenes and contains approximately 2.5%--3.0% volatile oils.[@b5-dddt-9-841] Gingerols are the most abundant pungent constituents in fresh ginger, and the content is slightly reduced in dry ginger, with the most abundant gingerol being 6-gingerol. In dry ginger, shogaols are the primary constituents, which are the major gingerol dehydration products, with 6-shogaol being the most abundant. Volatile oil mainly contains (−)-zingiberene, ar-curcumene, β-bisabolene, and β-phellandrene.[@b5-dddt-9-841],[@b6-dddt-9-841] The clinical beneficial effects of ginger are attributed to these major components. For example, interactions between 5-hydroxytryptamine receptors and shogaol/gingerol are partially responsible for the antiemetic activity.[@b5-dddt-9-841] So far, there are a number of studies on the pharmacological activities of ginger extract and its single component;[@b4-dddt-9-841] however, the data on the effect of ginger on the activity and/or expression of drug-metabolizing enzymes, in particular, cytochrome P450s (CYPs), are sparse.

Human CYPs are the major Phase I drug-metabolizing enzyme family accounting for metabolism of more than 95% drugs and some natural products.[@b7-dddt-9-841] In particular, CYP1A, 2C9, 2C19, 2D6, and 3A4 are the most important CYPs in the oxidative metabolism, with capability of catalyzing the biotransformation of a large number of endogenous and exogenous compounds.[@b7-dddt-9-841] CYP-related metabolism is important for the disposition of many herbal compounds. However, herbal compounds can also exert regulatory effects on the activity and expression of CYPs. Alteration on the activity and expression of CYPs may cause changes in CYP-mediated drug metabolism, resulting in pharmacokinetic changes, which will potentially lead to therapeutic failure or even lethal event.[@b8-dddt-9-841] As such, modulation of CYP-mediated drug metabolism in multidrug therapy including ginger is always a major safety concern from drug development to clinical practice.[@b9-dddt-9-841] There are a number of studies indicating that 14%--31% of prescription drug users combine herbal products with traditional medicines.[@b10-dddt-9-841]--[@b12-dddt-9-841] The combination of herbal medicines and therapeutic drugs may cause undesired drug interaction, which is a major cause of therapeutic failure or toxic effect.[@b13-dddt-9-841] Of note, there are over 100,000 lethal events occurring every year in USA due to drug interactions.[@b14-dddt-9-841] Thus, it is of great importance to identity potential drug--drug and herb--drug interactions.

Nowadays, in many Western countries including USA, along with the significant increase in the use of ginger to manage various chronic diseases or to promote health, the potential risk of ginger-induced drug interaction involving CYP has drawn increasing attention.[@b15-dddt-9-841] However, after comprehensive data search using the terms "drug metabolism", "pharmacokinetic interaction", "pharmacodynamic interaction", "drug safety", and "adverse event" in combination with "ginger" and "CYP or cytochrome P450", there are scattered studies on the effects of ginger on CYP-mediated drug metabolism and ginger--drug interaction. On the other hand, there are increasing applications of computational approaches to predict absorption, distribution, metabolism, excretion, and toxicity (ADMET) properties of compounds, in particular, the applications in the evaluation of ADMET properties for herbal medicines. Compared to the conventional experimental approaches, the computational approach is a fast, efficient, and high-throughput strategy to screen, predict, and identify the ADMET properties of compounds with reduced labor and animal usage. Thus, the aim of this study was to explore the effects of ginger on CYP-mediated drug metabolism and the potential drug interactions with a focus on the estimation of the binding modes and interaction potential of ginger components with human CYP1A2, 2C9, 2C19, 2D6, and 3A4 and evaluation of ADMET properties through molecular docking and pharmacokinetic simulation studies.

Methods
=======

Literature search
-----------------

The comprehensive data search was performed using the key terms "drug metabolism", "pharmacokinetics", "drug response", "clearance", "interaction", "safety", "side effect", and "mechanism" in combination with "ginger" and "cytochorme P450 or CYP" in Medline (via PubMed), ScienceDirect, Current Contents Connect (ISI), Cochrance Library, and Embase (all from inception to October 2014).

Molecular docking
-----------------

In order to determine the molecular interactions between main active components of ginger and human CYPs, 12 compounds including 6-gingerol, 8-gingerol, 10-gingerol, 6-shogaol, 8-shogaol, 10-shogaol, ar-curcumene, β-bisabolene, β-sesquiphelandrene, 6-gingerdione, (−)-zingiberene, and methyl-6-isogingerol were separately docked into the active sites of CYP1A2, 2C9, 2C19, 2D6, and 3A4, using the Discovery Studio program 3.1 designed by Accelrys Inc. (San Diego, CA, USA) as previously described.[@b16-dddt-9-841]--[@b18-dddt-9-841] Briefly, the crystal structures of human CYP1A2 (protein data bank \[PDB\] code 2HI4), 2C9 CYP2C9 (PDB code 1OG2), 2C19 (PDB code 4GQS), 2D6 (PDB code 2F9Q), and 3A4 (PDB code 1W0F) were obtained from the Protein Data Bank (<http://www.rcsb.org/pdb/>). The protein and ligand were prepared prior to the docking. Human CYP1A2, 2C9, 2C19, 2D6, and 3A4 were cleaned, modified, and prepared for defining and editing the binding sites. For the preparation of 6-gingerol, 8-gingerol, 10-gingerol, 6-shogaol, 8-shogaol, 10-shogaol, ar-curcumene, β-bisabolene, β-sesquiphelandrene, 6-gingerdione, (−)-zingiberene, and methyl-6-isogingerol, the duplicate structures were deleted and ionization change, tautomer or isomer generation, Lipinski filter, and 3D generator were all set true. A harmonic potential with the force constant of 300 kcal/mol was applied outside the grid boundary. Following preparation of CYPs, ginger compounds, and grid setting, the CYP--ginger compound interactions were determined.

Prediction of ginger--drug interactions
---------------------------------------

The prediction of potential ginger--drug interactions was performed as previously described.[@b19-dddt-9-841],[@b20-dddt-9-841] If the following equation is true, a ginger-induced drug interaction involving CYP inhibition in vivo is likely. $$\frac{\lbrack I\rbrack}{K_{i}} > 0.2$$

Where \[*I*\] is the inhibitor concentration and *K~i~* is the inhibition constant. The degree of increase (*R~c~*) in the area under the plasma concentration--time curve (AUC)~iv~ caused by ginger--drug interaction is dependent on the route of administration, hepatic fraction (*f~h~*), and other factors. If drugs are administered by intravenous (iv) bolus and the dose or infusion rate is constant, the *R~c~* can be calculated by the following equation:[@b19-dddt-9-841] $$R_{c} = \frac{1}{f_{h}\frac{{CL}^{\prime}}{{CL}_{h}} + 1 - f_{h}}$$

Where CL*~h~* is the hepatic clearance and CL' is the clearance in the presence of the inhibitor. In case of high clearance drugs administered by iv bolus, CL*~h~* is rate-limited by the flow rate (CL*~h~*=*Q~h~*). When the altered CL*~h~* remains rate-limited by the flow rate (CL*~h~*′=*Q~h~*), then CL*~h~*′=CL*~h~*, indicating no change in AUC~iv~, *R~c~*=1. However, this is not true when the inhibition is extensive that CL*~h~* is not limited by the flow rate.

In case of low clearance drugs administered by iv, *f~h~* is hepatic fraction and *f~m~* is metabolic pathway fraction in hepatic metabolism. *R~c~* is expressed by the following equation:[@b19-dddt-9-841] $$R_{c} = \frac{1}{f_{h}f_{m}\frac{{{CL}^{\prime}}_{{int},1}}{{CL}_{{int},1}} + 1 - f_{h}f_{m}}$$where CL~int~ is the intrinsic clearance inhibited by the inhibitor, ′ represents the value after alteration by drug interaction, *f~h~* is the hepatic fraction, and *f~m~* is the metabolic pathway fraction in hepatic metabolism. In the clinical settings, \[S\] (concentration of substrate) is often much less than *K~m~*, then *R~c~* is calculated by the following equation:[@b19-dddt-9-841] $$R_{c} = \frac{1}{f_{h}f_{m}\left\{ 1/(1 + \lbrack I\rbrack/K_{i}) \right\} + 1 - f_{h}f_{m}}$$

Prediction of ADMET of main ginger components
---------------------------------------------

The ADMET profiles of 6-gingerol, 8-gingerol, 10-gingerol, 6-shogaol, 8-shogaol, 10-shogaol, ar-curcumene, β-bisabolene, β-sesquiphelandrene, 6-gingerdione, (−)-zingiberene, and methyl-6-isogingerol were predicted using the Discovery Studio program 3.1 designed by Accelrys Inc. Briefly, the chemical structures of these compounds were retrieved from PubChem database ([Figure 1](#f1-dddt-9-841){ref-type="fig"}). All the structures were introduced into Discovery Studio program and prepared. During the process of structure preparation, the duplicate chemical structures were deleted and ionization change, tautomer or isomer generation, Lipinski filter, and 3D generator were all set true. Following the structure preparation, 6-gingerol, 8-gingerol, 10-gingerol, 6-shogaol, 8-shogaol, 10-shogaol, ar-curcumene, β-bisabolene, β-sesquiphelandrene, 6-gingerdione, (−)-zingiberene, and methyl-6-isogingerol were subject to ADMET evaluation using the ADMET Predictor module. The parameters predicted included solubility, absorption, permeability across the blood--brain barrier (BBB), interactions with CYP2D6, hepatotoxicity, and plasma protein binding (PPB). There are four different ADMET absorption levels, which are 0, 1, 2, and 3, representing good, moderate, low, or very low absorption, respectively. ADMET aqueous solubility level was classified into extremely low (0), no; very low, but possible (1); yes, low (2); yes, good (3); yes, optimal (4); no, too soluble (5); and warning, molecules with one or more unknown AlogP98 types (6). ADMET BBB permeability has six different levels, including very high (0), high (1), medium (2), low (3), undefined (4), and warning, molecules with one or more unknown AlogP98 calculation (5). There are two predicted classes of ADMET CYP2D6 ligand, noninhibitor (0) and inhibitor (1). ADMET hepatotoxicity is categorized into nontoxic (0) and toxic (1) effects. There are three different ADMET PPB levels, including binding \<90% (0), binding ≥90% (1), and binding ≥95% (2).

Results
=======

Ginger components bind to the active sites of human CYP1A2, 2C9, 2C19, 2D6, and 3A4 via hydrogen bond formation and π--π stacking
---------------------------------------------------------------------------------------------------------------------------------

First, we performed a computational docking study of 12 main active ginger components using Discovery Studio 3.1. Twelve ginger components including 6-gingerol, 8-gingerol, 10-gingerol, 6-shogaol, 8-shogaol, 10-shogaol, ar-curcumene, β-bisabolene, β-sesquiphelandrene, 6-gingerdione, (−)-zingiberene, and methyl-6-isogingerol were docked into the active sites of CYP1A2, 2C9, 2C19, 2D6, and 3A4, respectively. After docking the main active ginger components into the active sites of five human CYPs, 10 positions were generated for each compound--CYP interaction. The CDOCKER interaction energy ranged from 23.0 to 63.1 kcal/mol. Each compound--CYP complex with the lowest CDOCKER interaction energy was selected and the 2D and 3D pictures of them were collected ([Figures 2](#f2-dddt-9-841){ref-type="fig"}--[6](#f6-dddt-9-841){ref-type="fig"}).

Based on our docking studies, we identified the interactions between amino acid residues in the CYP active sites and ginger components ([Table 1](#t1-dddt-9-841){ref-type="table"}). Most interactions occurred in the active site of CYP2D6 ([Figure 5A--L](#f5-dddt-9-841){ref-type="fig"}), and, to a lesser extent, in the active sites of CYP3A4 ([Figure 6A](#f6-dddt-9-841){ref-type="fig"}--L), 2C9 ([Figure 3A--L](#f3-dddt-9-841){ref-type="fig"}), 1A2 ([Figure 2A--L](#f2-dddt-9-841){ref-type="fig"}), and 2C19 ([Figure 4A--L](#f4-dddt-9-841){ref-type="fig"}). It suggests that CYP2D6 may be the most favorable enzyme for ginger components. Indeed, CYP2D6 is known to detoxify the toxic xenobiotics in plants.[@b21-dddt-9-841] H-bond formation was the main interaction between ginger components and CYPs ([Table 1](#t1-dddt-9-841){ref-type="table"}). The hydroxyl- and keto-groups were two major reaction sites for the ginger--CYP interactions. The most involved amino acids were Arg and Asn. Arg101, Arg441, and His376 were the most important amino acid residues accounting for the interaction between ginger compounds and CYP2D6 active site. Asn204, Asn217, Asn218, Gly296, and Gln214 were involved in the interaction in the active site of CYPC19. There were only five ginger compounds interacting with the active site of CYP2C19, which is the least among the five CYPs. Gly316, Phe226, and Phe260 were responsible for the interaction between ginger compounds and CYP1A2 active site. Thr301 and Leu208 were the most important residues in the active site of CYP2C9 and Asn107 and Asp293 played a lesser important role. For CYP3A4, Ala305 and Glu374 were the most important residues responsible for the interaction in the active site. π--π stacking only occurred between CYP1A2 and 6-shogaol, 8-shogaol, 6-gingerdione, and methyl-6-isogingerol at Phe226 and Phe260 ([Table 1](#t1-dddt-9-841){ref-type="table"}). Taken together, the in silico data show that ginger components interact with human CYPs, suggesting that the 12 ginger components may act as ligands for CYP1A2, 2C9, 2C19, CYP2D6, and 3A4 and that the interactions between ginger components and CYPs may influence the activity of CYPs with a consequence of inhibition in vivo.

Validation of the modulating effects of ginger components on human CYP activity
-------------------------------------------------------------------------------

Because we have observed the interactions between ginger components and CYPs from computational studies, we further validated these potential ginger--CYP interactions using previously published data. The regulatory effect of ginger on CYPs is a major cause of pharmacodynamic/pharmacokinetic alteration in the combination of ginger and other conventional therapeutic drugs.[@b22-dddt-9-841] However, there are only a few studies about the effect of ginger components on the activities of human CYPs ([Table 2](#t2-dddt-9-841){ref-type="table"}).[@b2-dddt-9-841],[@b8-dddt-9-841],[@b9-dddt-9-841],[@b23-dddt-9-841]

Kim et al[@b24-dddt-9-841] reported that aqueous ethanolic extract of ginger possessed inhibitory effects on CYP2C19 in a concentration-dependent manner in human liver microsomes. The results showed that 0.05--5 μg/mL of aqueous ethanolic extract of ginger competitively inhibited CYP2C19 with an IC~50~ (half maximal inhibitory concentration) value of 3.8 μg/mL, whereas the ginger extract had no effect on other CYPs.[@b24-dddt-9-841] The effect of ginger extract on CYP2C9 and 3A4 was also tested in human liver microsomes.[@b25-dddt-9-841] The inhibitory effect of ginger extract on CYP2C9 and 3A4 was observed with IC~50~ values of 10 μg/mL and 5.1 μg/mL, respectively.[@b25-dddt-9-841] Zhang and Lim[@b26-dddt-9-841] also examined the effect of 6-gingerol on CYP3A4-mediated midazolam hydroxylation in human liver microsomes. 6-Gingerol showed inhibitory effect on CYP3A4 with an IC~50~ value of 21.6 μg/mL. In addition, the effect of ginger on *CYP* gene expression was also examined in vitro. Brandin et al[@b27-dddt-9-841] observed an inducing effect of ginger on the expression of *CYP1A2* and *CYP3A4* genes in human LS180 cells, which are colorectal adenocarcinoma epithelial cells. Based on the in vitro inhibitory effect of ginger extract or ginger components, it is likely that ginger extract might affect the pharmacokinetics of drugs and lead to ginger--drug interactions with drugs that are metabolized by CYP1A2, 2C9, 2C19, and 3A4, in particular those with a narrow therapeutic index.[@b28-dddt-9-841] Notably, Saruwatari et al[@b29-dddt-9-841] tested the effect of a Chinese herbal medicine Sho-saiko-to containing ginger in 26 healthy subjects. The results showed that CYP1A2-mediated caffeine metabolism was impaired by Sho-saiko-to, indicating that ginger may exert an inhibitory effect on CYP1A2 activity. However, due to multiple composition of Sho-saiko-to, other herb components-induced inhibitory effect on CYPs cannot be excluded in this study.

Estimation of ginger--drug interaction potential by pharmacokinetic simulation approach
---------------------------------------------------------------------------------------

Modulation of CYP-mediated drug metabolism by ginger represents a major safety concern in clinic practice.[@b30-dddt-9-841] It has been shown that ginger extract and/or its components exerted competitive inhibitory effect on CYPs including CYP1A2, 2C9, 2C19, and 3A4 with various IC~50~ values ([Table 3](#t3-dddt-9-841){ref-type="table"}). Due to the lack of clinical data on ginger-induced drug interactions involving CYPs, it is likely to predict ginger--drug interactions using preclinical data to reduce and avoid the risk of potential ginger--drug interactions. The inhibitory effect of ginger on CYPs may fall into mutual competitive inhibition, mechanism-based inhibition, and nonselective inhibition of CYPs.[@b19-dddt-9-841] Notably, the prediction of mechanism-based inhibitory effect of ginger on CYPs is different from the reversible inhibition and the application of mechanism-based CYP inhibition for predicting drug interactions has been comprehensively described by us previously.[@b20-dddt-9-841] Herein, we focused on the competitive inhibition. In order to predict in vivo drug-- ginger interaction after iv bolus administration, it is crucial to calculate the values of *K~i~*, \[*I*\], *f~h~*, and *f~m~*· *f~h~* and *f~m~* can be determined from the urinary recovery of the parent molecule and each metabolite; *K~i~* can be estimated by in vitro inhibition studies using human liver microsomes and recombinant systems.

As shown in [Table 3](#t3-dddt-9-841){ref-type="table"}, the \[*I*\]/*K~i~* value for CYP2C9 was 10 and the estimated *R* value was 11, suggesting that ginger extract might exhibit a high risk of drug interaction via inhibition of the activity of CYP2C9. For CYP2C19, the \[*I*\]/*K~i~* value ranged from 0.013 to 1.32 and the *R* value ranged from 1.013 to 2.32, suggesting ginger extract might show a low to high risk of drug interaction through the inhibition of the activity of CYP2C19. For CYP3A4, the \[*I*\]/*K~i~* value ranged from 0.0002 to 19.6 and the *R* value ranged from 1.0002 to 20.6, suggesting that ginger extract may have a low to high risk of drug interaction via inhibition of the activity of CYP3A4.

Notably, the pharmacokinetic simulation studies show that the inhibitory effect of ginger extract on the activity of CYP2C9, 2C19, and 3A4 may result in alterations in the pharmacokinetics and pharmacodynamics of coadministered drugs that are mainly metabolized by these CYPs. In particular, alterations in the pharmacokinetics and pharmacodynamics of drugs with narrow therapeutic windows and mainly metabolized by CYP2C9, 2C19, and 3A4 (such as warfarin) may cause clinically important outcomes. The pharmacokinetic simulation studies suggest that concurrent administration of ginger and warfarin or nifedipine may cause drug interactions in the clinical settings through inhibition of the activity of CYP2C9 and 3A4. Subsequently, the potential ginger--warfarin and ginger--nifedipine interactions were validated by previously published data.

Validation of clinical interactions of ginger with CYPs and drugs
-----------------------------------------------------------------

The molecular interactions between ginger components and human CYPs in silico and the inhibitory effect of ginger on CYPs in vitro suggest that ginger may cause pharmacodynamic and/or pharmacokinetic interactions in vivo. Alteration in the ADME of a conventional therapeutic drug is the cause of ginger-induced pharmacokinetic interactions. Pharmacodynamic interactions may occur when the ginger component exerts synergistic or antagonistic effect on the same drug target(s) as the coadministered drug.[@b31-dddt-9-841],[@b32-dddt-9-841] In particular, a pharmacodynamic interaction may occur when the coadministered drugs have a narrow therapeutic index. Thus, we have evaluated the potential effects of ginger on the pharmacodynamic and/or pharmacokinetic profiles of warfarin and nifedipine.

### Ginger--warfarin interaction

Warfarin is the most commonly prescribed anticoagulant with a narrow therapeutic index. *S*-warfarin has a stronger anticoagulant activity than *R*-warfarin.[@b33-dddt-9-841] CYP2C9 is the major metabolizing enzyme responsible for the *S*-7-hydroxywarfarin formation.[@b34-dddt-9-841] In addition, CYP1A2 catalyzes the 6- and 8-hydroxylation of *R*-warfarin, while CYP3A4 catalyzes the 10-hydroxylation of *R*-warfarin.[@b35-dddt-9-841] Thus, alteration of the activity and/or expression of CYP1A2, 2C9, and 3A4 will result in changes in the therapeutic effect of warfarin. There is a growing concern on the pharmacokinetic and/or pharmacodynamic interactions between warfarin and herbal medicines including ginger, St John's wort, garlic, etc.

Jiang et al[@b36-dddt-9-841] designed a randomized, open-label, crossover study to examine the effect of ginger on the pharmacokinetics and pharmacodynamics of warfarin in 12 healthy human subjects. When administering warfarin alone, the maximum plasma concentration (*C*~max~) of *S*- and *R*-warfarin was 1.7 μg/mL, and the volume of distribution was 0.12 L/kg. The AUC level was 68 μg/mL·hour and 104 μg/mL·hour, and the plasma half-life was 35.8 hours and 50.3 hours for *S*- and *R*-warfarin, respectively. The plasma clearance of *S*- and *R*-warfarin was 189 mL/hour and 127 mL/hour, respectively. In coadministration of warfarin with ginger, the AUC level was 66 μg/mL·hour and 102.6 μg/mL·hour and the plasma half-life was 35.8 hours and 50.3 hours for *S*- and *R*-warfarin, respectively. The plasma clearance was 201 L/hour and 131 L/hour and the volume of distribution was 0.12 L/kg and 0.11 L/kg for *S*- and *R*-warfarin, respectively. Moreover, there was no significant effect of ginger on the international normalized ratio (INR) of warfarin. The INR~baseline~ was 1.12 for both groups, and the AUC~0--168\ h~ of INR was 7.5 and 8.1 for warfarin and warfarin with ginger groups, respectively. The result showed that there was no significant effect of ginger on pharmacokinetics and pharmacodynamics of warfarin. Although Jiang et al[@b36-dddt-9-841] did not observe any remarkable effect of ginger extract on the pharmacokinetics and pharmacodynamics of warfarin, one needs to be cautious to concurrently administer ginger with warfarin to patients and more clinical studies are warranted to explore the risk of ginger--warfarin interactions.

### Ginger--nifedipine interaction

Nifedipine is mainly used as an antihypertensive and antianginal drug. It is mainly metabolized by CYP3A4, and dehydronifedipine is the primary metabolite.[@b37-dddt-9-841] It has been shown that ginger and nifedipine exerted a synergistic effect on antiplatelet aggregation both in healthy humans and patients with hypertension.[@b38-dddt-9-841] The results have shown that the inhibitory effect of ginger with nifedipine on platelet aggregation was more than two-fold of that of ginger or nifedipine alone in healthy volunteers. In hypertensive patients, compared to nifedipine, there was a three-fold increase in the inhibition of platelet aggregation in combination of ginger with nifedipine. The results indicate that ginger-induced pharmacodynamic interaction occurs in the combination of nifedipine. This will lead to an enhanced therapeutic effect of nifedipine in the site of action. In addition, an inhibitory effect of ginger on arachidonic acid-induced platelet aggregation was also reported in a male volunteer who consumed large, unspecified quantities of ginger marmalade (15% raw ginger).[@b39-dddt-9-841]

It has been shown that coadministration of ginger resulted in a significant decrease in *C*~max~ and AUC~0--~*~t~* of oral cyclosporine by 70.9% and 63.1%, respectively, in rats.[@b40-dddt-9-841] A stronger inhibitory effect of ginger was observed when the intake of ginger was 2 hours before cyclosporine, which decreased *C*~max~ and AUC~0--~*~t~* by 51.4% and 40.3%, respectively. However, there was no remarkable change in the pharmacokinetics of iv cyclosporine by oral coadministration of ginger juice.[@b40-dddt-9-841] These data suggest that ginger exerts a significant inhibitory effect on the absorption of cyclosporine, resulting in a significant reduction in oral bioavailability. To avoid the pharmacokinetic interaction, patients should be advised against using ginger products together with cyclosporine to ensure the efficacy of cyclosporine.

Prediction of the ADME properties and liver toxicity of ginger components
-------------------------------------------------------------------------

The predicted ADMET properties of 6-gingerol, 8-gingerol, 10-gingerol, 6-shogaol, 8-shogaol, 10-shogaol, ar-curcumene, β-bisabolene, β-sesquiphelandrene, 6-gingerdione, (−)-zingiberene, and methyl-6-isogingerol are shown in [Table 4](#t4-dddt-9-841){ref-type="table"}. Ar-Curcumene, β-bisabolene, β-sesquiphelandrene, and methyl-6-isogingerol were predicted to have an extremely low aqueous solubility with the aqueous solubility level of 0. 6-shogaol and 8-shogaol showed a low aqueous solubility with an aqueous solubility level of 2. 6-Gingerol, 8-gingerol, 10-gingerol, 6-gingerdione, and (−)-zingiberene showed a good absorption with ADMET solubility level of 3 ([Table 4](#t4-dddt-9-841){ref-type="table"}).

The 12 ginger components exhibited a medium to very high BBB penetration capability with the level from −1.3 to 2 ([Table 4](#t4-dddt-9-841){ref-type="table"}). 8-Shogaol, 10-shogaol, ar-curcumene, β-bisabolene, β-sesquiphelandrene, and methyl-6-isogingerol showed a very high BBB penetration capability. 8-Gingerol, 10-gingerol, 6-shogaol, 6-gingerdione, and (−)-zingiberene exhibited a high BBB penetration capability. 6-Gingerol was predicted to have a medium BBB penetration capability.

Furthermore, all properties and optimal prediction space (OPS) components of 6-gingerol, 8-gingerol, 10-gingerol, 6-shogaol, 8-shogaol, 6-gingerdione, and (−)-zingiberene were within the expected ranges with regard to the CYP2D6 ligand and PPB level. 10-Shogaol, ar-curcumene, β-bisabolene, β-sesquiphelandrene, and methyl-6-isogingerol were predicted not to be a ligand of CYP2D6 ([Table 4](#t4-dddt-9-841){ref-type="table"}). For the prediction of hepatotoxicity, the ADMET predictor showed that 6-shogaol, 8-shogaol, 6-gingerdione, and (−)-zingiberene exhibited good hepatotoxic applicability with all properties and OPS components being within the expected range, whereas OPS24 values of 6-gingerol, 8-gingerol, and 10-gingerol were out of range. Moreover, the hepatotoxicity of 10-shogaol, ar-curcumene, β-bisabolene, β-sesquiphelandrene, and methyl-6-isogingerol were predicted to be false ([Table 4](#t4-dddt-9-841){ref-type="table"}). Taken together, the results suggest that ginger components exhibit a largely favorable ADMET profile.

Validation of the ADME properties and liver toxicity of ginger
--------------------------------------------------------------

Following the prediction of ADMET profile of 12 main ginger components, we evaluated the clinical pharmacology and toxicology of ginger using published data.

There are two pharmacokinetic studies on 6-gingerol, 8-gingerol, 10-gingerol, and 6-shogaol in humans ([Table 5](#t5-dddt-9-841){ref-type="table"}).[@b41-dddt-9-841],[@b42-dddt-9-841] The results showed that the plasma half-lives for the four components and their metabolites were 1--3 hours in humans. The glucuronide and sulfate conjugates were the main detectable metabolites of 6-gingerol, 8-gingerol, 10-gingerol, and 6-shogaol in human plasma.[@b41-dddt-9-841],[@b42-dddt-9-841] In a study by Yu et al, there was no free form of 6-gingerol and 8-gingerol detected over 24 hours in the plasma after a single oral dose of 2.0 g ginger extract; only 10-gingerol and 6-shogaol were detected in free form.[@b42-dddt-9-841] It was considered that 6-gingerol, 8-gingerol, 10-gingerol, and 6-shogaol are rapidly metabolized in humans. In order to fully confirm the ADMET properties of ginger, more studies are required to investigate the ADMET profile of ginger in humans.

Furthermore, the previous data show that ginger is generally considered safe and that there is no hazard or moderate-to-severe side effect reported.[@b43-dddt-9-841] Only some minor adverse effects of ginger are found in humans. In a clinical trial in which 12 healthy volunteers participated, 400 mg ginger taken orally three times per day for 2 weeks caused mild diarrhea, which only occurred during the first 2 days of ginger pretreatment in one subject.[@b2-dddt-9-841] Another human study has shown that ginger may cause ulcer formation and gastric irritant in a dose higher than 6 g.[@b44-dddt-9-841] Other mild adverse reactions include heartburn, gas production, and bloating.[@b2-dddt-9-841] Taken together, ginger is considered to be safe when used alone.

Discussion
==========

Clinically, a number of pharmacodynamic/pharmacokinetic herb--drug interactions have been documented and many of them result in significant effects on therapeutic outcomes.[@b45-dddt-9-841],[@b46-dddt-9-841] There is an estimation that 5% of hospital admissions are associated with drug interactions,[@b47-dddt-9-841],[@b48-dddt-9-841] and there are over 100,000 deaths per year that may have been caused by drug interactions, including herb--drug interaction.[@b14-dddt-9-841] Increasing usage of ginger raises the requirement of clarification of its pharmacokinetics and pharmacodynamics in humans. In fact, there is a significant gap between the growing usage and clinical evidence of ginger. Furthermore, when the consumers think that ginger or ginger products are natural products and should be "safe" and there is lack of solid data on ginger--CYP and ginger--drug interactions, there is an increased concern on the potential ginger-induced drug interactions.

Our docking studies indicate that CYP2D6 is the most likely enzyme interacting with ginger components, whereas CYP3A3, 2C9, 1A2, and 2C19 have a lower binding affinity. The hydroxyl- and keto-groups are two major interaction sites for the ginger--CYP interactions. The most involved amino acids are neutral or acidic in CYP3A4, 2C9, 1A2, and 2C19. It suggests that ginger components may compete in the interaction site with other substrates/inhibitors of CYPs. Ginger possesses inhibitory effects on CYPs in vitro; however, the clinical evidence for the inhibitory effect of ginger on CYPs is lacking. Although extrapolating in vitro and animal data to predict potential ginger-induced drug interaction is an option, in vitro inhibitory potencies of ginger do not necessarily translate directly into relative extents of inhibition in humans.

Inducing or inhibiting CYPs is the primary underlying mechanism of altered pharmacodynamics/pharmacokinetics by coadministrated ginger products. Based on the in vitro inhibitory effect of ginger on CYPs, inhibition of CYPs by ginger compounds may have important clinical implications. Thus, it is very important to evaluate the toxicity and drug interaction potential of ginger products. A strategy of risk identification, risk reduction or elimination, and a final evaluation of the adopted risk reduction can be used to assess the risk of ginger--drug interaction.[@b49-dddt-9-841] However, the clinical ginger--drug interaction is difficult to predict because of multiple factors relating to individual variability and history of use.[@b14-dddt-9-841] Obviously, the inhibitory effect of ginger extract or component on CYPs varies too much in vitro, and if \[*I*\]/*K~i~*\>0.2 is true, the risk of a ginger-induced drug interaction involving CYP2C9, 2C19, and 3A4 in vivo is possible. Although Jiang et al[@b36-dddt-9-841] reported that ginger did not affect the pharmacokinetics of warfarin in humans and ginger-induced drug interaction has been seldom reported in humans, it requires more clinical studies to purge the potential risk of ginger-induced drug interactions.

Due to the growing usage and inadequate evidence of the effect of ginger on CYP-mediated drug interaction, further well-designed studies are warranted to address the underlying mechanism(s) and clinical significance of important ginger--drug interactions and predict the potential ginger--drug interactions. There are numerous ginger products accessible to customers even though there is a lack of clinical evidence on pharmacokinetics and pharmacodynamics.[@b3-dddt-9-841] As a matter of fact, there is a significant gap between the growing demand in the usage of ginger and low regulatory controls on it. In particular, there is a lack of evidence on ginger--drug interactions with the involvement of CYPs, which may cause therapeutic or toxic effects in the clinical setting. For example, alteration on CYP2C9-mediated drug metabolism with narrow therapeutic index (warfarin) can lead to a serious clinical event.

Computational approach has been considered to be a practical strategy to timely, precisely, and widely predict and identify the potential drug--drug interactions, herb--drug interactions, and herb--herb interactions, avoiding dangerous outcomes in clinic resulting from modification of the activity of drug-metabolizing enzymes. Meanwhile, because the degree of change in AUC of a drug (*R~c~*) is determined by *K~i~*, \[*I*\], *f~h~*, and *f~m~*, but not by *K~m~* or \[S\], using in vitro data of ginger to estimate the risk of drug interactions and predict potential drug interaction is also practical. Therefore, integration of computational approach with in vitro data prediction method may be capable of assessing the risk of ginger--drug interactions and deciphering the potential mechanisms of ginger--drug interactions. Although there are limitations in the extrapolation of data from in vitro to in vivo, this integrated approach also can be extended to predict the drug interaction potential of other commonly used herbal medicines such as St John's wort, garlic, ginseng, and ginkgo. They may interact with a wide range of therapeutic drugs, including some clinically important therapeutic drugs with a narrow therapeutic index to cause, in some cases, life-threatening and lethal consequences.[@b9-dddt-9-841]

CYP-mediated drug metabolism is the major biotransformation of most drugs and some herb compounds, which is a determinant factor for the pharmacokinetics of the substrates. An increased understanding of CYPs has aided in profiling drug pharmacokinetics in clinical practice. Modulation of CYP-mediated drug metabolism in multidrug therapy is the main cause of drug--drug interaction resulting in alterations in pharmacokinetics and pharmacodynamics, which eventually may cause therapeutic failure and/or toxic effect. Concurrent administration of ginger with a drug often occurs, in particular, with drugs with narrow therapeutic index, which causes a major concern of potential ginger--drug interactions.

In humans, ginger-induced changes in pharmacokinetic can be estimated by the degree of increase (*R~c~*) in AUC. It is dependent on the administration route. *K~i~*, \[*I*\], *f~h~*, and *f~m~* are the determining factors. In general, the potential inhibitory effect of ginger on the activity of CYPs may lower the rate of biotransformation and clearance resulting in changes in pharmacokinetics and pharmacodynamics in humans. Thus, a combination use of ginger with therapeutic drugs should be avoided in clinical practice. In particular, ginger should be advised against concurrent administration with drugs with narrow therapeutic index, such as warfarin. In addition, although ginger only has mild adverse effects, one needs to be cautious while consuming a large dose of ginger.

In summary, the integration of computational and experimental approaches can facilitate the rapid and precise prediction and validation of the potential ginger--drug interaction and the ADMET properties of ginger components to reduce and avoid the potential ginger-induced side effects with the involvement of CYPs. This study may help to bridge the gap between the increasing use of herbal medicines and the safety concerns. However, due to the lack of evidence on ADMET profile, clinical efficacy and molecular targets, and ginger-induced drug interactions, more well-designed studies are certainly needed to address these important issues.
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###### 

Binding modes of main active ginger components to human CYP1A2 (PDB code 2HI4).

**Notes:** Each compound--CYP1A2 complex with the lowest CDOCKER interaction energy was selected and the 2D and 3D pictures of them were collected. (**A**) 6-Gingerol; (**B**) 8-gingerol; (**C**) 10-gingerol; (**D**) 6-shogaol; (**E**) 8-shogaol; (**F**) 10-shogaol; (**G**) ar-curcumene; (**H**) β-bisabolene; (**I**) β-sesquiphelandrene; (**J**) 6-gingerdione; (**K**) (−)-zingiberene; and (**L**) methyl-6-isogingerol.

**Abbreviation:** CYP, cytochrome P450.
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###### 

Binding modes of ginger main active components in human CYP2C9 (PDB code 1OG2).

**Notes:** Each compound--CYP2C9 complex with the lowest CDOCKER interaction energy was selected and the 2D and 3D pictures of them were collected. (**A**) 6-Gingerol; (**B**) 8-gingerol; (**C**) 10-gingerol; (**D**) 6-shogaol; (**E**) 8-shogaol; (**F**) 10-shogaol; (**G**) ar-curcumene; (**H**) β-bisabolene; (**I**) β-sesquiphelandrene; (**J**) 6-gingerdione; (**K**) (−)-zingiberene; and (**L**) methyl-6-isogingerol.

**Abbreviation:** CYP, cytochrome P450.
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###### 

Binding modes of main active components of ginger in human CYP2C19 (PDB code 4GQS).

**Notes:** Each compound--CYP2C19 complex with the lowest CDOCKER interaction energy was selected and the 2D and 3D pictures of them were collected. (**A**) 6-Gingerol; (**B**) 8-gingerol; (**C**) 10-gingerol; (**D**) 6-shogaol; (**E**) 8-shogaol; (**F**) 10-shogaol; (**G**) ar-curcumene; (**H**) β-bisabolene; (**I**) β-sesquiphelandrene; (**J**) 6-gingerdione; (**K**) (−)-zingiberene; and (**L**) methyl-6-isogingerol.

**Abbreviation:** CYP, cytochrome P450.
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###### 

Binding modes of ginger main active components in human CYP2D6 (PDB code 2F9Q).

**Notes:** Each compound-CYP2D6 complex with the lowest CDOCKER interaction energy was selected and the 2D and 3D pictures of them were collected. (**A**) 6-Gingerol; (**B**) 8-gingerol; (**C**) 10-gingerol; (**D**) 6-shogaol; (**E**) 8-shogaol; (**F**) 10-shogaol; (**G**) ar-curcumene; (**H**) β-bisabolene; (**I**) β-sesquiphelandrene; (**J**) 6-gingerdione; (**K**) (−)-zingiberene; and (**L**) methyl-6-isogingerol.

**Abbreviation:** CYP, cytochrome P450.
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###### 

Binding modes of main active components of ginger in human CYP3A4 (PDB code 1W0F).

**Notes:** Each compound--CYP3A4 complex with the lowest CDOCKER interaction energy was selected and the 2D and 3D pictures of them were collected. (**A**) 6-Gingerol; (**B**) 8-gingerol; (**C**) 10-gingerol; (**D**) 6-shogaol; (**E**) 8-shogaol; (**F**) 10-shogaol; (**G**) ar-curcumene; (**H**) β-bisabolene; (**I**) β-sesquiphelandrene; (**J**) 6-gingerdione; (**K**) (−)-zingiberene; and (**L**) methyl-6-isogingerol.

**Abbreviation:** CYP, cytochrome P450.
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###### 

Interacting forces of main active components of ginger with human CYP1A2, 2C9, 2D6, 2C19, and 3A4

  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  Compound                     CDCOKER interaction energy (CIE kcal/mol)   H-bond number   Residues involved in H-bond formation   Charge interaction   Residues involved in charge interaction   π--π stacking   Residues involved in π--π stacking
  ---------------------------- ------------------------------------------- --------------- --------------------------------------- -------------------- ----------------------------------------- --------------- ------------------------------------
  **CYP1A2 (PDB ID: 2HI4)**                                                                                                                                                                                       

  6-Gingerol                   55.9802                                     0               /                                       0                    /                                         0               /

  8-Gingerol                   60.0329                                     0               /                                       0                    /                                         0               /

  10-Gingerol                  61.3568                                     1               H-Gly316                                0                    /                                         0               /

  6-Shogaol                    55.9354                                     0               /                                       0                    /                                         1               Phe260

  8-Shogaol                    58.6712                                     0               /                                       0                    /                                         1               Phe260

  10-Shogaol                   56.4091                                     0               /                                       0                    /                                         0               /

  Ar-Curcumene                 36.2667                                     0               /                                       0                    /                                         0               /

  β-Bisabolene                 35.991                                      0               /                                       0                    /                                         0               /

  β-Sesquiphelandrene          31.8433                                     0               /                                       0                    /                                         0               /

  6-Gingerdione                59.0853                                     0               /                                       0                    /                                         2               Phe226\
                                                                                                                                                                                                                  Phe260

  (−)-Zingiberene              36.363                                      0               /                                       0                    /                                         0               /

  Methyl-6-isogingerol         51.232                                      1               H-Gly316                                0                    /                                         1               Phe226

  **CYP2C9 (PDB ID: 1OG2)**                                                                                                                                                                                       

  6-Gingerol                   38.3346                                     3               H-Leu208\                               0                    /                                         0               /
                                                                                           O-Gln214\                                                                                                              
                                                                                           O-Asn217                                                                                                               

  8-Gingerol                   41.0866                                     1               H-Leu208                                0                    /                                         0               /

  10-Gingerol                  45.8869                                     1               H-Leu208                                0                    /                                         0               /

  6-Shogaol                    38.4989                                     2               H-Thr301\                               0                    /                                         0               /
                                                                                           O-Thr301                                                                                                               

  8-Shogaol                    40.3159                                     0               /                                       0                    /                                         0               /

  10-Shogaol                   45.2874                                     0               /                                       0                    /                                         0               /

  Ar-Curcumene                 27.0167                                     0               /                                       0                    /                                         0               /

  β-Bisabolene                 24.3503                                     0               /                                       0                    /                                         0               /

  β-Sesquiphelandrene          24.6193                                     0               /                                       0                    /                                         0               /

  6-Gingerdione                38.5734                                     1               O-Asn107                                0                    /                                         0               /

  (−)-Zingiberene              25.4757                                     0               /                                       0                    /                                         0               /

  Methyl-6-isogingerol         39.2082                                     1               H-Asp293                                0                    /                                         0               /

  **CYP2C19 (PDB ID: 4GQS)**                                                                                                                                                                                      

  6-Gingerol                   30.5894                                     1               H-Gly296                                0                    /                                         0               /

  8-Gingerol                   34.7882                                     1               O-Asn204                                0                    /                                         0               /

  10-Gingerol                  41.7354                                     0               /                                       0                    /                                         0               /

  6-Shogaol                    31.298                                      1               O-Gln214                                0                    /                                         0               /

  8-Shogaol                    37.7374                                     1               O-Asn218                                0                    /                                         0               /

  10-Shogaol                   42.1221                                     0               /                                       0                    /                                         0               /

  Ar-Curcumene                 26.7476                                     0               /                                       0                    /                                         0               /

  β-Bisabolene                 24.9395                                     0               /                                       0                    /                                         0               /

  β-Sesquiphelandrene          25.8704                                     0               /                                       0                    /                                         0               /

  6-Gingerdione                33.6531                                     0               /                                       0                    /                                         0               /

  (−)-Zingiberene              23.3969                                     0               /                                       0                    /                                         0               /

  Methyl-6-isogingerol         30.036                                      2               H-Gln214\                               0                    /                                         0               /
                                                                                           O-Asn217                                                                                                               

  **CYP2D6 (PDB ID: 2F9Q)**                                                                                                                                                                                       

  6-Gingerol                   49.7194                                     4               H-Arg441\                               0                    /                                         0               /
                                                                                           O-His376\                                                                                                              
                                                                                           O-Arg101\                                                                                                              
                                                                                           O-Arg101                                                                                                               

  8-Gingerol                   55.2159                                     4               H-Arg441\                               0                    /                                         0               /
                                                                                           O-Arg101\                                                                                                              
                                                                                           O-Arg101\                                                                                                              
                                                                                           O-His376                                                                                                               

  10-Gingerol                  57.6051                                     3               H-Arg441\                               0                    /                                         0               /
                                                                                           O-Arg10\                                                                                                               
                                                                                           O-Arg101                                                                                                               

  6-Shogaol                    46.6251                                     3               H-Arg441\                               0                    /                                         0               /
                                                                                           O-Arg 101\                                                                                                             
                                                                                           O-His376                                                                                                               

  8-Shogaol                    52.6567                                     3               H-Arg441\                               0                    /                                         0               /
                                                                                           O-Arg101\                                                                                                              
                                                                                           O-His376                                                                                                               

  10-Shogaol                   56.3996                                     3               O-His376\                               0                    /                                         0               /
                                                                                           O-Arg101\                                                                                                              
                                                                                           O-Arg101                                                                                                               

  Ar-Curcumene                 29.9457                                     0               /                                       0                    /                                         0               /

  β-Bisabolene                 30.5663                                     0               /                                       0                    /                                         0               /

  β-Sesquiphelandrene          28.6495                                     0               /                                       0                    /                                         0               /

  6-Gingerdione                50.0314                                     4               H-Arg441\                               0                    /                                         0               /
                                                                                           O-Arg101\                                                                                                              
                                                                                           O-Arg101\                                                                                                              
                                                                                           O-His376                                                                                                               

  (−)-Zingiberene              29.6369                                     0               /                                       0                    /                                         0               /

  Methyl-6-isogingerol         51.8517                                     1               O-Arg101                                0                    /                                         0               /

  **CYP3A4 (PDB ID: 1W0F)**                                                                                                                                                                                       

  6-Gingerol                   51.1796                                     2               H-Ala305\                               0                    /                                         0               /
                                                                                           H-Glu374                                                                                                               

  8-Gingerol                   53.5899                                     2               H-Ala305\                               0                    /                                         0               /
                                                                                           H-Glu374                                                                                                               

  10-Gingerol                  54.8047                                     1               H-Glu374                                0                    /                                         0               /

  6-Shogaol                    49.1685                                     1               H-Ala305                                0                    /                                         0               /

  8-Shogaol                    53.9844                                     1               H-Ala305                                0                    /                                         0               /

  10-Shogaol                   63.0781                                     1               H-Ala305                                0                    /                                         0               /

  Ar-Curcumene                 28.8825                                     0               /                                       0                    /                                         0               /

  β-Bisabolene                 27.4614                                     0               /                                       0                    /                                         0               /

  β-Sesquiphelandrene          26.3732                                     0               /                                       0                    /                                         0               /

  6-Gingerdione                52.9237                                     2               H-Ala305\                               0                    /                                         0               /
                                                                                           O-Arg105                                                                                                               

  (−)-Zingiberene              27.9257                                     0               /                                       0                    /                                         0               /

  Methyl-6-isogingerol         47.7586                                     0               /                                       0                    /                                         0               /
  ----------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------

**Abbreviation:** CYP, cytochrome P450.

###### 

Effect of ginger components on the activity and expression of human CYPs

  Ginger                                     Concentration     Test system                             Target CYP   Effect on enzyme              IC~50~ (μg/mL)   Reference
  ------------------------------------------ ----------------- --------------------------------------- ------------ ----------------------------- ---------------- -------------------
  Ginger extract                             100 μg/mL         Human live microsomes                   CYP2C9       Inhibit enzymatic activity    10.0             [@b25-dddt-9-841]
  Aqueous ethanolic extract of ginger        0.05--5 μg/mL     Human liver microsomes                  CYP2C19      Inhibit enzymatic activity    3.8              [@b24-dddt-9-841]
  6-Gingerol                                 21.6 μg/mL        Human liver microsomes                  CYP3A4       Inhibit enzymatic activity    21.6             [@b26-dddt-9-841]
  Ginger fraction                            0.01--100 μg/mL   Human liver microsomes                  CYP3A4       Inhibit enzymatic activity    30.5--42.0       WO2007071708
  Ginger extract                             100 μg/mL         Human liver microsomes                  CYP3A4       Inhibit enzymatic activity    5.1              [@b25-dddt-9-841]
  Ginger supplement                          --                Human colon carcinoma cell line LS180   CYP1A2       Increase gene expression      --               [@b27-dddt-9-841]
  Ginger supplement                          --                Human colon carcinoma cell line LS180   CYP3A4       Increase gene expression      --               [@b27-dddt-9-841]
  Sho-saiko-to (containing ginger extract)   --                Healthy subjects (n=26)                 CYP1A2       Inhibit caffeine metabolism   --               [@b29-dddt-9-841]

**Abbreviations:** CYP, cytochrome P450; IC~50~, half maximal inhibitory concentration.

###### 

Estimated AUC ratios when drugs are coadministered with ginger extract or ginger components

  Ginger            IC~50~ (μg/mL)   \[*I*\] (μg/mL)   *K~i~* (μg/mL)   Target CYP   Substrate      \[*I*\]/\[*K~i~*\]   Estimated AUC ratio (*R*)   Risk of drug interaction   Reference
  ----------------- ---------------- ----------------- ---------------- ------------ -------------- -------------------- --------------------------- -------------------------- -------------------
  Ginger extract    10.0             100               10.0             CYP2C9       Diclofenac     10                   11                          High                       [@b25-dddt-9-841]
  Ginger extract    3.8              0.05--5           3.8              CYP2C19      Mephenytoin    0.013--1.32          1.013--2.32                 Low-high                   [@b24-dddt-9-841]
  6-Gingerol        21.6             21.6              21.6             CYP3A4       Midazolam      1                    2                           High                       [@b26-dddt-9-841]
  Ginger fraction   30.5--42.0       0.01--100         30.5--42.0       CYP3A4       Erythromycin   0.0002--3.27         1.0002--4.27                Low-high                   WO2007071708
  Ginger extract    5.1              100               5.1              CYP3A4       Testosterone   19.6                 20.6                        High                       [@b25-dddt-9-841]

**Abbreviations:** AUC, area under the plasma concentration--time curve; CYP, cytochrome P450; IC~50~, half maximal inhibitory concentration; I, concentration of inhibitor; Ki, inhibitory constant.

###### 

Predicted ADMET properties of 6-gingerol, 8-gingerol, 10-gingerol, 6-shogaol, 8-shogaol, 10-shogaol, ar-curcumene, β-bisabolene, β-sesquiphelandrene, 6-gingerdione, (−)-zingiberene, and methyl-6-isogingerol

  Compound               ADMET solubility level   ADMET BBB level   ADMET EXT CYP2D6   ADMET EXT CYP2D6 applicability                                  ADMET EXT hepatotoxicity   ADMET EXT hepatotoxic applicability                             ADMET absorptionlevel   ADMET EXT PPB   ADMET EXT PPB applicability                                     ADMET AlogP98   ADMET PSA 2D
  ---------------------- ------------------------ ----------------- ------------------ --------------------------------------------------------------- -------------------------- --------------------------------------------------------------- ----------------------- --------------- --------------------------------------------------------------- --------------- --------------
  6-Gingerol             3                        2                 −1.99449           All properties and OPS components are within expected ranges.   −10.8609                   OPS PC24 out of range.                                          0                       0.68641         All properties and OPS components are within expected ranges.   3.638           67.861
  8-Gingerol             3                        1                 −2.22953           All properties and OPS components are within expected ranges.   −12.1404                   OPS PC24 out of range.                                          0                       1.15791         All properties and OPS components are within expected ranges.   4.551           67.861
  10-Gingerol            3                        1                 −2.16239           All properties and OPS components are within expected ranges.   −13.6718                   OPS PC24 out of range.                                          0                       0.75522         All properties and OPS components are within expected ranges.   5.463           67.861
  6-Shogaol              2                        1                 −0.772781          All properties and OPS components are within expected ranges.   −10.0805                   All properties and OPS components are within expected ranges.   0                       −0.00983        All properties and OPS components are within expected ranges.   4.717           47.046
  8-Shogaol              2                        0                 −0.138333          All properties and OPS components are within expected ranges.   −12.3015                   All properties and OPS components are within expected ranges.   0                       1.20105         All properties and OPS components are within expected ranges.   5.629           47.046
  10-Shogaol             2                        −0.663161         False              15.6598                                                         False                      15.6978                                                         0.88111                 True            15.3938                                                         47.046          
  ar-Curcumene           0                        −0.000351         False              12.2567                                                         False                      10.903                                                          2.7504                  True            10.7617                                                         0               
  β-Bisabolene           0                        0.150831          False              12.4332                                                         False                      10.2596                                                         2.96409                 True            11.3322                                                         0               
  β-Sesquiphelandrene    0                        −0.470657         False              11.459                                                          False                      10.7802                                                         3.03886                 True            11.3647                                                         0               
  6-Gingerdione          3                        1                 −2.10543           All properties and OPS components are within expected ranges.   −8.359                     All properties and OPS components are within expected ranges.   0                       −1.57444        All properties and OPS components are within expected ranges.   4.044           67.861
  (−)-Zingiberene        3                        1                 −2.10543           All properties and OPS components are within expected ranges.   −8.359                     All properties and OPS components are within expected ranges.   0                       −1.57444        All properties and OPS components are within expected ranges.   4.044           67.861
  Methyl-6-isogingerol   0                        −1.32416          False              16.6566                                                         False                      13.1585                                                         2.72612                 True            12.955                                                          55.976          

**Abbreviations:** ADMET, absorption, distribution, metabolism, excretion, and toxicity; BBB, blood--brain barrier; CYP, cytochrome P450; EXT, extension; OPS, optimal prediction space; PPB, plasma protein binding; PSA, polar surface area.

###### 

Reported pharmacokinetic parameters of active components of ginger in healthy volunteers

  Component                                                           Dose of ginger extracts (mg)   No of subjects   Administration route   *C*~max~ (μg/mL)   AUC (μg·min/mL)   *T*~max~ (min)   *t*~1/2β~ (min)
  ------------------------------------------------------------------- ------------------------------ ---------------- ---------------------- ------------------ ----------------- ---------------- -----------------
  Total 6-gingerol[a](#tfn5-dddt-9-841){ref-type="table-fn"}          1,000                          6 HV             Single po              0.4±0.2            12.6±6.4          55.0±7.7         N/A
  1,500                                                               3 HV                           Single po        1.69±2.31              75.6±110.3         60.0±0.0          N/A              
  2,000                                                               8 HV                           Single po        0.85±0.43              65.6±44.4          65.5±22.6         110.0±34.9       
  Free 6-gingerol[b](#tfn6-dddt-9-841){ref-type="table-fn"}           2,000                          9 HV             Single po              N/A                N/A               N/A              N/A
  6-Gingerol glucuronide[a](#tfn5-dddt-9-841){ref-type="table-fn"}    1,000                          6 HV             Single po              0.16±0.15          N/A               N/A              N/A
  1,500                                                               3 HV                           Single po        0.62±0.62              N/A                N/A               N/A              
  2,000                                                               8 HV                           Single po        0.62±0.56              N/A                N/A               N/A              
  6-Gingerol glucuronide[b](#tfn6-dddt-9-841){ref-type="table-fn"}    2,000                          9 HV             Single po              0.45±0.25          44.4±33.6         61.8±24.6        98.4±52.8
  6-Gingerol sulfate[a](#tfn5-dddt-9-841){ref-type="table-fn"}        1,000                          6 HV             Single po              0.02±0.03          N/A               N/A              N/A
  1,500                                                               3 HV                           Single po        0.04±0.04              N/A                N/A               N/A              
  2,000                                                               8 HV                           Single po        0.33±0.41              N/A                N/A               N/A              
  6-Gingerol sulfate[b](#tfn6-dddt-9-841){ref-type="table-fn"}        2,000                          9 HV             Single po              0.26±0.13          25.8±15.6         61.8±24.6        107.4±59.4
  Total 8-gingerol[a](#tfn5-dddt-9-841){ref-type="table-fn"}          1,000                          6 HV             Single po              0.1±0.1            2.1±2.2           52.5±8.7         N/A
  1,500                                                               3 HV                           Single po        0.1±0.1                2.6±2.0            60.0±0.0          N/A              
  2,000                                                               8 HV                           Single po        0.23±0.16              18.1±20.3          73.1±29.4         113.5±41.1       
  Free 8-gingerol[b](#tfn6-dddt-9-841){ref-type="table-fn"}           2,000                          9 HV             Single po              N/A                N/A               N/A              N/A
  8-Gingerol glucuronide[b](#tfn6-dddt-9-841){ref-type="table-fn"}    2,000                          9 HV             Single po              0.16±0.11          15.6±16.2         63.6±24.0        61.8±20.4
  8-Gingerol sulfate[b](#tfn6-dddt-9-841){ref-type="table-fn"}        2,000                          9 HV             Single po              0.027±0.015        2.16±2.1          61.8±22.8        75.0±15.6
  Total 10-gingerol[a](#tfn5-dddt-9-841){ref-type="table-fn"}         1,000                          6 HV             Single po              0.1±0.1            2.9±3.2           60.0±0.0         N/A
  1,500                                                               3 HV                           Single po        0.1±0.02               7.7±5.3            80.0±34.6         N/A              
  2,000                                                               8 HV                           Single po        0.53±0.4               50.1±49.3          75.0±27.8         128.7±38.8       
  Free 10-gingerol[b](#tfn6-dddt-9-841){ref-type="table-fn"}          2,000                          9 HV             Single po              0.009±0.002        0.48±0.24         66.6±24.0        107.4±19.2
  10-Gingerol glucuronide[b](#tfn6-dddt-9-841){ref-type="table-fn"}   2,000                          9 HV             Single po              0.41±0.24          52.8±36.0         71.4±30.6        125.4±26.4
  10-Gingerol sulfate[b](#tfn6-dddt-9-841){ref-type="table-fn"}       2,000                          9 HV             Single po              0.017±0.006        3.54±0.9          68.4±31.2        194.4±109.8
  Total 6-shogaol[a](#tfn5-dddt-9-841){ref-type="table-fn"}           1,000                          6 HV             Single po              0.1±0.1            0.8±1.5           55.0±8.7         N/A
  1,500                                                               3 HV                           Single po        0.04±0.08              1.6±2.8            60.0±0.0          N/A              
  2,000                                                               8 HV                           Single po        0.15±0.12              10.9±13.0          65.6±22.6         120.4±42.0       
  Free 6-shogaol[b](#tfn6-dddt-9-841){ref-type="table-fn"}            2,000                          9 HV             Single po              0.011±0.007        1.44±0.78         60.0±24.6        79.2±26.4
  6-Shogaol glucuronide[b](#tfn6-dddt-9-841){ref-type="table-fn"}     2,000                          9 HV             Single po              0.080±0.057        6.6±4.8           61.8±24.6        92.4±39.6
  6-Shogaol sulfate[b](#tfn6-dddt-9-841){ref-type="table-fn"}         2,000                          9 HV             Single po              0.049±0.026        4.74±2.64         63.6±22.2        84.0±21.6

**Notes:**

Data are from the study by Zick et al.[@b41-dddt-9-841]

Data are from the study by Yu et al.[@b42-dddt-9-841]

**Abbreviations:** AUC, area under the concentration--time curve; *C*~max~, maximum plasma concentration; HV, healthy volunteers; PSA, polar surface area; NA, not available; *t*~1/2β~, elimination half-life; *T*~max~, time to *C*~max~.
